The thermal conductivity of the ultrathin carbon nanotube with and without an X-shaped junction was investigated using nonequilibrium molecular-dynamics simulations. The ultrathin carbon nanotube exhibits superhigh thermal conductivity. The thermal conductivity of the nanotube with junctions was 20-80% less than that of a straight nanotube depending on temperature. There is a jump in the temperature profile around the junction, contributing to a larger temperature gradient and reduction in the thermal conductivity. The thermal conductivity of armchair nanotube junctions is sensitive to the topological structures at the junction region.
I. INTRODUCTION
With the continual miniaturization of electronic, optical, and mechanical devices, an increasing interest has been put on nanoscale materials. Carbon nanotube ͑CNT͒ multiterminal junctions ͑MTJs͒ with T, Y, and X shapes are excellent candidates for nanoscale electronic devices due to their superior combination of electronic and mechanical properties, as well as their inherent nanosize. [1] [2] [3] [4] [5] [6] [7] [8] [9] Significant efforts have been devoted to understanding and characterizing properties of single-walled nanotube ͑SWNT͒ MTJs, and their production and application. The thermal conductivity of nanometer materials plays a fundamentally critical role in controlling the performance and stability of nano-/microdevices, since a significant amount of heat may need to be dissipated from the nano-/microdevices to prevent structural damages. CNTs have been reported as very good candidates for efficient thermal conductors to compare with other materials, 10 with a value of 1750-5850 W/m/K by experiments [11] [12] [13] [14] and 6600 W/m/K by calculations [15] [16] [17] due to the stiff sp 2 bond which results in a high speed of sound, together with the virtual absence of atomic defects. However, there are some defects in CNTs, such as topological defects, adsorbates, and vacancies, which affect the thermal conductivity of CNTs. Che et al. 18 explored the thermal conductivity of CNTs as a function of defects and vacancy concentration. Shenogin et al. 19 analyzed the role of chemical bonding between the matrix and the fiber on thermal transport in CNT organic matrix composites.
Multiterminal junctions can be synthesized using a template-based method or a welding method. [20] [21] [22] [23] [24] Based on the topology and Euler's theorem, 25, 26 the structures of T-, Y-, and X-shaped junctions of CNT were proposed theoretically and their stabilities have been validated theoretically. 2, 24, 27, 28 These junctions have a negative Gaussian curvature associated with the presence of sevenfold or eightfold rings, in contrast to fullerenes which have a positive Gaussian curvature due to the introduction of fivefold rings. All the atoms in junctions retain their sp 2 hybridization. The ultrathin CNTs with diameters around 4 Å ͑Refs. 29 and 30͒ have been discovered soon after the discovery of CNTs by Iijima in 1991, 31 and local-density-functional calculations 32 showed that SWNTs as thin as 3.42 Å are energetically stable when exposed to the free space. The strong curvature of ultrathin CNT enhances electron-phonon coupling and makes superconductivity much more likely. 33 However, the thermal conductivity of this kind of nanotubes has not been investigated yet. In the present work, ͑3, 3͒ and ͑5, 0͒ nanotubes are chosen for this investigation.
Experimental and theoretical studies [3] [4] [5] [6] [7] have shown that both the symmetry of the Y junction and the chirality of the trunk and branches play a role in the rectification behavior of these structures, with the symmetry being a more significant factor. It is therefore important to know how the topological defects influence the thermal conduction properties of CNTs. Such calculations of thermal conductivity may become important for designing nanoscale devices. To the best knowledge of the authors, a thorough theoretical investigation of the thermal conductivity of X-shaped nanotube junctions has not been performed.
II. THEORY AND METHOD
In this paper, we will only consider the lattice thermal conductivity. The thermal conductivity along a particular direction, taken here as the z axis, is defined from Fourier's law as the heat flux J produced by the temperature gradient dT / dz, J = ͑1/A͒͑dQ / dt͒ =−͑dT / dz͒, where dQ is the energy transmitted across the area A in the time interval dt. A CNT is in contact with two thermal reservoirs at temperatures T 1 and T 2 at two ends, respectively ͑indicated by the gray regions shown in Fig. 1͒ . The temperature of each reservoir with the length of ϳ0.24 nm for ͑3, 3͒ tube and ϳ0.42 nm for ͑5, 0͒ tube is regulated by the Langevin dynamics approach using more realistic friction and random forces. 34 The temperature difference between T 1 and T 2 is 20 K. The tube ͓excluding the thermal ends, denoted by L in Fig. 1͑a͔͒ is split into many equal slabs with a width of about 0.15 nm, and an average temperature gradient can be obtained by applying a linear least-squares fitting to the temperatures of these slabs. A total time of 6 ns was used for the measurement of temperature gradient. A nonequilibrium molecular-dynamics ͑MD͒ simulation has been performed to calculate using reactive empirical bond order potential. 35 Hamilton's classical equation of motion is solved using a predictor-corrector algorithm with a fixed time step of 0.5 fs. The heat exchange, determined by the kinetic energies, would be calculated when the system arrives at the steady state. The length of CNT is ϳ25 nm. A ring area of van der Waals thickness of 3.4 Å was employed as the cross-section area. Many processes involved in the thermal conductivity such as boundary scattering, crystal imperfections, surface effects, and isotope effects can all be included in the MD simulations.
The relaxed X-shaped junctions ͓denoted by the shaded cross in Fig. 1͑b͔͒ are configured in four types with different topologies, indicated by junction 1, junction 2, junction 3, and junction 4, respectively. The length of the junction is about 4 nm ͓shown in Fig. 1͑b͔͒ . The topological defects are present in the form of enneagons, octagons, and heptagons: ͑a͒ junction 1 with four enneagons, ͑b͒ junction 2 with 12 heptagons arranged closely, ͑c͒ Junction 3 with two heptagons and two octagons, and ͑d͒ Junction 4 with 12 heptagons arranged separately. The formation pathways for the X-shaped junction were proposed in Refs. 27 and 28. The configuration and the formation energy of each junction are summarized in Fig. 2 . These junctions are stable energetically due to the negative formation energies, and the driving force for the junction formation is to partially release the strain energy of the nanotubes. 24 These junctions have a negative Gaussian curvature associated with the presence of seven-, eight-, or nine-membered rings. These junctions can be considered as a simple example of the negative-curvature structure with infinite periodic minimal surfaces, 36,37 later called schwarzites. 26 How does the X-shaped junction influence the thermal conductivity, and what is the effect of topological defects? These are important issues for the nanoscale devices composed of CNT junctions.
III. RESULTS AND DISCUSSIONS
To test the convergence of MD simulations on thermal conductivity, we carried out simulations on ͑3, 3͒ tubes at 200 K with various lengths within the range of 10-160 nm, containing 486, 690, 894, 1194, 1470, 1962, 2934, 3918, 4890, 5934, and 7824 atoms, respectively. The dependence of the calculated thermal conductivity on the tube length was shown in Fig. 3 . It is found that the calculated thermal conductivity became larger and converged to a constant as the model size increased due to the boundary scattering term. The stable value of ϳ11 000 W / ͑m K͒ independent of the simulation size is obtained at the tube length of 120 nm. The values for ͑5, 5͒, ͑10, 0͒, and ͑10, 10͒ tubes are also given in Fig. 3 for the comparison, where the data indicated by open symbols are from Ref. 16 . Superhigh thermal conductivity is shown in the ultrathin carbon nanotube. In the present report, we focus on the effect of junctions on the thermal conductivity of nanotubes. The simulation model with a length of ϳ25 nm was chosen to reduce the computation efforts. Comparisons were made under consistent conditions.
The results for the thermal conductivity of individual nanotubes with and without junctions over a temperature range of 50-350 K are summarized in Fig. 4 . The ultrathin nanotube has superhigh thermal conductivity at high temperature because the confined geometry strongly suppresses the Umklapp process. 38 The calculated conductivity is nearly one order of magnitude larger than that of ͑10, 10͒ tube at 300 K, which verifies the expectation proposed in Ref. 39 . It is also indicated that the thermal conductivity in zigzag ͑5, 0͒ tube is higher than that in armchair ͑3, 3͒ tube, which agrees with what has been reported in Ref. 40 . As we expected, the X-shaped junctions with topological defects dramatically re- duce the thermal conductivity. For a perfect nanotube, the phonon scattering is due solely to anharmonic vibrations of atoms, while for nanotubes with junctions, the phonon scattering may be induced by topological defects around the junctions as well as by anharmonic vibrations. The conformational defects act as additional scattering centers, and therefore reduce the thermal conductivity significantly. Figure 5 shows the dependence of the average heat flow on temperature, and Fig. 6 shows the temperature profile along the axis of the nanotubes at 100 K. The average heat flow 41 of the straight tube is almost the same as that of the corresponding tube with a junction. However, there is a discontinuity in the temperature profile of tubes at junctions ͑Fig. 6͒, which shows that a junction has a much higher temperature gradient than a straight nanotube. The large temperature gradient in the local area around the junction indicates a high resistance to heat flow across the junction, leading to the reduction in the thermal conductivity of the tube with a junction at any given temperature. We always see temperature jump near the thermostat region, which can be explained by assuming a thermal boundary resistance due to the mismatch of the thermostat technique for the tube ends and the structured phonon density distribution. 42 Furthermore, the temperature jump changes with the introduction of different junctions.
The discontinuities in the temperature profile of CNTs caused by defects have been reported in the literature. Maruyama et al. found a jump in the temperature profile of a CNT intramolecular junction, 43 and Cummings et al. reported the same behavior in Y junctions. 44 The jump in the temperature profile seems to be associated with the presence of topological defects in the crystal lattice. The defects act as additional scattering centers and result in a local temperature gradient, which translates into a reduction in the thermal conductivity of the tube. Che et al. also reported an inverse relationship between the number of defects in a crystal and the thermal conductivity of the crystal. 18 To clearly show the effects of the junction on the thermal conductivity independent of the length of the tube, the local thermal resistance R along the tube axis was calculated. The R is defined as R =−␣͓͑dT / dz͒ / ͑dQ / dt͔͒, where ␣ is a constant. The local thermal resistance R is proportional to the local average temperature gradient since the heat flow is almost the same. The tube is split into 11 equal parts, and the normalized thermal resistance ͑R / R SWNT , where R SWNT is the local thermal resistance of the straight tube͒ was shown in Fig. 7 . The junction is located at "part 0" in the abscissa ͑Fig. 7͒. It is also indicated that the introduction of the junction leads to an increase in the local thermal resistance, which is responsible for the reduction in the local thermal conductivity. Furthermore, it is implied that the effect of junction on the thermal conductivity of the zigzag tube is more severe than that in the armchair tube.
To examine the amount of decrease in thermal conductivity at the junction and the effects of geometry of junction on the thermal conductivity, we calculated the ratio of the thermal conductivity of junctions ͑ junction ͒ to that of straight nanotubes ͑ SWNT ͒, shown in Fig. 8 . This figure indicates that the thermal conductivity of junctions decreases by 20-80%, depending on the temperature. The observation suggests that the effects of topological defects on the thermal conductivity become larger as the temperature decreases. The possible reasons are given below. Because of anharmonicity, phonons can be created, destroyed, or scattered from each other, leading to a finite phonon mean free path ͑MFP͒ and limited thermal conductivity. The phonon MFP may be affected by two factors: static and Umklapp scattering lengths. 45 Topological defects can be considered as one of the static factors. At low temperatures, the Umklapp scattering is confined since only lower-energy phonons are created; therefore, the defect scattering plays a major role in the phonon MFP. This explains why the thermal conductivity of junctions decreases greatly up to 80% compared with a perfect tube at low temperature. However, as the temperature increases, the strong phonon-phonon Umklapp scattering becomes more effective than the defects scattering when higher-frequency phonons are excited.
The thermal conductivity of armchair nanotube junctions is more sensitive to the topological defects in junctions compared with the zigzag tubes. The thin junction 1 has a higher thermal conductivity than the wide junction 4, and the medium size junctions 2 and 3 are just in the middle of the former two junctions, as shown in Figs. 7͑a͒ and 8͑a͒. As the junction gets wider, the scattering center becomes larger. Therefore, more thermal scatterings happened, causing a higher thermal resistance and lower thermal conductivity. Spagnolatti et al. 46 and Gaito et al. 47 found that the topological defects affected the electron-phonon coupling, which confirms that topological configurations have effects on the thermal conductivity. The thermal conductivity may be modified by altering the geometrical configuration of junctions between the crossed nanotubes. The classical MD method is useful in describing the thermal conductivities of nanometer scale electronic and mechanical systems, since the experimental measurement on the thermal conductivity of the ultrathin nanotubes is quite challenging. Our prediction on the thermal conductivity may not be absolutely accurate due to the huge thermal gradient in the order of 10 7 -10 8 K / m which makes it unlikely that the linear response theory would hold under such an extreme thermal loading condition. Nevertheless, the present work provides some useful information for future applications of ultrathin nanotubes on the electronic and mechanical devices.
IV. CONCLUSIONS
We have reported here the thermal conductivity for ultrathin CNT with and without an X-shaped junction based on MD simulations. The ultrathin CNT exhibits superhigh thermal conductivity with a value of ϳ11 000 W/m/K at the tube length of 120 nm to compare with the ͑5, 5͒, ͑10, 0͒, and ͑10, 10͒ tubes. The introduction of the junction gives rise to the increase of the local thermal resistance, which translates into the reduction in the thermal conductivity. The thermal conductivity of junctions decreases by 20-80% depending on the temperature compared with a straight nanotube. There is a jump in the temperature profile around the junction, contributing to a larger temperature gradient and a significant reduction in the thermal conductivity. The thermal conductivity of armchair nanotube junctions is sensitive to the topological structures at the junction region.
